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Vortex Shear Modulus and Lattice Melting in Twin Boundary Channels of YBa2Cu3O72d
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(Received 27 October 1995)

Melting of the vortex lattice is probed directly by investigating the flow of vortices in channels
created by twin boundaries. The angular-dependent resistivityrT ,Hsud has a maximum above the
melting temperatureTm and crosses over to a minimum below, corresponding to the onset of a shear
modulus which reduces vortex flow in the channels. A peak effect in the critical current belowTm is
accompanied by a sharp increase in the twin boundary pinning accommodation angle. We calculate the
effective twin boundary pinning energy by relating the accommodation angle to a thermal depinning
angle. [S0031-9007(96)00329-8]

PACS numbers: 74.60.Ge
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Transport measurements in YBa2Cu3O72d have yielded
strong evidence of a first order vortex melting tran
tion [1–9] in clean homogeneous YBa2Cu3O72d crys-
tals. Recently, magnetization measurements in untwin
YBa2Cu3O72d crystals have revealed corroborative e
dence for this first order melting—a sharp discontinuity
Tm [10,11] similar to that observed in earlier equilibriu
measurements on Bi2Sr2CaCu2O8 single crystals [12,13]

A defining characteristic of the melting-freezing tran
tion is the development of a nonzero shear modulus, w
leads to a substantial increase in the pinning produce
a given configuration of pinning sites, inducing a sh
drop in resistivity upon freezing [14]. This sharp dr
in resistivity is one of the hallmarks of the vortex free
ing transition. If the Lorentz force driving the vortices
strong enough to depin the vortex solid, the finite sh
modulus affects the vortex motion in another way: it i
poses local structure on the moving vortex system. W
the shear yield stress is high enough, the vortices m
in elastic flow, in which translational periodicity is main
tained throughout the moving lattice, thus preserving
lattice structure globally. If the shear yield stress is
low, the lattice structure is maintained only locally, allo
ing neighboring sections of the lattice to move past e
other inplastic flow[15].

Transport measurements are sensitive to each of t
two types of motion and therefore are capable of prob
the development of the shear modulus in the solid s
The recent discovery of a peak effect in the critical c
rent density occurring just below the melting temperat
[16] and the report of a washboard frequency [17] as
ciated with a moving lattice belowTm in single crystal
YBa2Cu3O72d suggest that there is a transition betwe
elastic and plastic states of motion as the shear modul
weakened prior to melting.

In this Letter we investigate the melting of the vort
lattice as it moves inside channels created by par
twin boundaries in a cleaved YBa2Cu3O72d single crystal.
Because the average velocity of the vortices in
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channels depends strongly on the spatial extent of
local structure and on the pinning strength of the tw
boundary channel walls, transport measurements in
geometry are a sensitive probe of the developmen
the shear modulus. The effective width of the chan
and the strength of the pinning at the walls may
varied by tilting the applied magnetic field relative
the twin boundary planes. The angular dependence
the resistivity clearly shows the onset of a nonzero sh
modulus at a temperatureTm, which we identify as the
freezing-melting temperature. In addition, we obse
changes in the vortex dynamics which are correlated w
the peak effect in the critical current just belowTm and
are indicative of a transition from plastic to elastic flow.

The crystal was grown by a self-flux method [18] whic
yielded several platelet-shaped crystals. A crystal w
only a single set ofk110l twin boundaries (TB) was cleave
such that the twin planes were parallel to the short e
of the crystal as shown in the inset of Fig. 1. The crys
dimensions are 1.07 sld 3 0.45 swd 3 0.02 std mm3.
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FIG. 1. Resistivity and critical current vs temperature
H ­ 6 T for u ­ 0± sH k cd andu ­ 5.9± near the tail of the
transition. Inset (a) shows the same forH ­ 4 T below Tm.
Inset (b) shows the orientation of the magnetic field, app
current, and twin boundaries.
© 1996 The American Physical Society
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The average spacing of the twin planes isdave ­ 1.5 mm
and the median spacing isdm ­ 1 mm. There are
approximately 65 twin boundaries between the two vo
age contacts. A measuring current perpendicular to
TB and an applied magnetic field along the crystal
graphicc axis induce a Lorentz force on the vortices alo
the channel direction as shown in the inset to Fig. 1.
resistivity was measured by the four probe method w
current in thea-b plane of the crystal and perpendicul
to the twin planes. Voltage-current characteristics w
measured with a dc current and a nanovoltmeter.

Figure 1 is a logarithmic plot of thetails of the temper-
ature dependent resistive transitions in a magnetic fiel
6 T oriented parallel to thec axis and tilted 5.9± away from
the c axis. Also shown is the temperature dependence
the critical current at each angle obtained with a 1mV/cm
criterion. We see a sharp drop in the resistivity for bo
orientations atTm ­ 81.5 K, associated with the vortex
freezing transition [5,6,19]. In earlier studies, such “kink
in the resistivity curves were observed only in clean u
twinned crystals. However, since in this experiment
driving Lorentz force isparallel to the twin planes, the
flow of the vorticesbetweenthe twin planes is nearly unim
peded by twin boundary pinning. ForH ­ 6 T, the vortex
spacing isa0 , 185 Å. A single channel with a TB spac
ing of 1 mm thus accommodates about 50 vortices acr
its width. When the magnetic field is aligned with thec
axis, these vortices do not intersect either of the bou
ing twin planes and they are free to move under a Lore
force parallel to the twin planes. A single twin bounda
has an effective width of 10–50 Å [20], which is com
parable to the vortex superconducting coherence len
jabsT ­ 80 Kd , 44 Å and provides an ideal single vorte
pin site. Thus the number of free vortices within the cha
nels is about an order of magnitude larger than the num
of pinned vortices residing on a twin boundary, and t
temperature dependence of the resistivity looks very si
lar to that of untwinned crystals reported earlier [6,19].

Below Tm the resistivity rsu ­ 0±, T , 6 Td exhibits a
sharp drop, reaching a minimum atTp ­ 81.0 K. This
minimum is associated with a sharp maximum (“peak
fect”) in the critical currentJcsu ­ 0±, Tpd. Similar behav-
ior just below the melting temperature in dilutely twinne
YBa2Cu3O72d crystals was explained by a crossover fro
plastic to elastic flow, and enhanced pinning arising fro
the elastic softening of the vortex lattice [16,21]. The so
ening of the lattice structure allows the vortices to adj
more favorably to a nearby twin boundary pinning site a
thus resistivity is decreased [22,23]. The peak effect
low the melting temperatureTm is absent atu ­ 5.9± in
our experiment, since pinning by the twin boundary si
is reduced in the vortex solid state when the magn
field is tilted off the twin planes [24]. At lower tempera
tures the two resistivity curves foru ­ 0± and 5.9± intersect
at T­ 79.6 K indicating that bulk pinning may overcom
twin boundary pinning at lower temperatures [see also
set (a), Fig. 1].
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Figure 2 shows our main result, the angular depende
of the resistivity as the magnetic field is tilted symme
rically away from thec axis towards thea-b plane at
H ­ 6 T for a sequence of temperatures. The resis
ity at u ­ 0± sH k cd shows a dramatic evolution from
maximum above the melting temperatureTm ­ 81.50 K
to a minimum belowTm. This pronounced change in be
havior is a direct result of the appearance of a nonz
shear modulus atTm and underlies the use of vortex flow
in channels to directly probe the vortex melting transitio

The highest temperature shown,T ­ 82.93 K, is above
the onset of twin boundary pinning and there is no feat
in rsud associated with vortex channel flow. AtT ­
82.40 K, well above the freezing transition, a maximu
occurs atu ­ 0± sH k cd, shown on an expanded sca
in Fig. 3(a). This maximum atu ­ 0± is a new feature
in the angular dependence ofr which can be explained
by the hydrodynamics in the liquid state and the fin
width of the channel. The resistivity falls sharply as t
angle from thec axis increases from0 to 61.8±, then rises
again to a broad maximum atua ­ 65±, after which it
decreases monotonically due to the intrinsic anisotropy
the superconducting effective mass.

The behavior ofrsud can be understood as a geome
rical feature related to the finite size of the channels.
the field is tilted from thec axis, the number of vortices
which intersect the twin boundaries grows, increasing
effective thickness of the channel wall. The number
moving vortices which do not intersect a twin plane is r
duced, thus decreasing the effective channel width. T
th
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-FIG. 2. Angular dependence of the resistivity atH ­ 6 T for
82.93 , T , 80.17 K.
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process continues with increasing angle until, atup, the
channel width is effectively zero and all vortices inte
sect at least one twin plane. An estimate of this an
is provided byup ­ tan21sdmytd , 2.8±. In practice, the
angle will be reduced due to thermal disorder and the e
tic nature of the vortices. We believe this reduction of
fective channel width explains our observation of the sh
peak in the vortex liquid state resistivity centered atu ­ 0±.

For angles greater thanup, the vortices assume a st
pattern, the geometry of which is determined by the
modulus and the pinning energy [25,26]. The resistiv
increases gradually as the angle is increased until,
large enough angleua, the elastic tilt energy require
to maintain the step pattern is too high and the vorti
straighten, intersecting the twin boundaries at points.
angleua where the step pattern disappears is marked
a maximum inrsud, as twin boundary pinning yield
to intrinsic anisotropy as the dominant influence on
resistivity. Below we explain the disappearance of
stepped phase atua as a thermal depinning effect.

At lower temperatures, the relative height of the pe
at u ­ 0± is reduced with respect to the broad maxim
at ua, until below the freezing-melting temperatureTm ­
81.50 K, the peak completely disappears and is replace
a broad valley which extends in angle toua as illustrated in
Fig. 2 [and on an expanded scale in Fig. 3(c)]. The tr
sition from a maximum to a minimum atu ­ 0± indi-
cates a dramatic change in the dynamics of vortex ch
in
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FIG. 3. Enlarged angular dependence of the resistivity atH ­
6 T for (a) T ­ 82.40 K (vortex liquid state), (b)T ­ 81.54 K
(vortex melting-freezing temperature), and (c)T ­ 81.29 K
(vortex solid state), with respective vortex-magnetic field–tw
boundary geometries.
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nel flow which occurs over a narrow temperature ran
of 60 mK. We attribute this change to the formati
of a vortex lattice and theonset of a nonzero vorte
shear modulus.The nonzero shear modulus is associa
with the formation of lattice fragments which extends t
effective pinning range of the twin boundaries, there
impeding the flow of vortices in the channels. The
fore the maximum pinning in the vortex solid state is o
served when the vortices are aligned with the twin plan

At Tm [Fig. 3(b)], the angular dependence of t
resistivity displays both the narrow peak of widthup

characteristic of vortexliquid channel flow and the broa
valley of width ua characteristic of vortexlattice channel
flow. The simultaneous appearance of these feature
consistent with the coexistence of liquid and solid pha
in a first order phase transition.

Over a 0.5 K range belowTm, the resistivityrsu ­ 0±d
drops precipitously, reaching a minimum atTp ­ 81.06 K,
below which the resistivity rises again slightly (Fig.
lower panel). This temperature dependence is show
more detail in Fig. 1 foru ­ 0±. At Tp the shape of the
angular-dependent resistivity is suddenly modified in t
respects: The minimum nearu , 0± becomes very broa
and the maximum atua jumps from 5± to 8±. The rapid
drop in resistivity aboveTp indicates that the motion of th
vortex solid is severely impeded just below the freez
temperature. We associate this reduced velocity with
increase in the dimensions of the flowing lattice fragme
as the solid state becomes established. AtTp, the size
of the lattice fragments exceeds the channel width,
the plastic flowwhich characterizes the solid motion ju
below the melting transition is replaced byelastic flow.
This is evidenced by the clear maximum in the critic
currentJcsu ­ 0±d as the plastic flow process is replaced
elastic flow. The maximum effective pinning is realized
Tp , when the “soft” shear modulus enhances the ability
the vortex lattice to take advantage of the twin bound
pinning sites and settle deeper into their pinning poten
wells. The sudden increase inua from 5± to 8± strongly
supports the interpretation of the peak effect as an effec
increase in the twin boundary pinning strength [23,25].

The shear modulus increases belowTp as temperature is
lowered and the lattice becomes more rigid. The enhan
pinning which was observed atTp because the lattice wa
“soft” is replaced by less effective pinning as the latt
becomes relatively more rigid, causing the resistivity to
crease. The angular dependence of the resistivity also
creases dramatically at lower temperatures as shown b
difference between theT ­ 81.06 andT ­ 80.92 K curves
in Fig. 2. One reason may be the enhancement of bulk
ning at lower temperatures. AtT ­ 79.6 K, the resistivity
curvesrsu ­ 0±, Td andrsu ­ 5.9±, T d intersect, suggest
ing that bulk pinning becomes more effective than tw
boundary pinning at lower temperatures. Recent magn
optical imaging [27] and magnetization measurements
have demonstrated that twin planes are easy paths for
penetration.
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We can calculate the pinning energy of the twin plan
from the observed accommodation angleua if we take
into account the thermal energies at these temperat
We identify the experimental accommodation angleua ,
5± as the angle at which thermal fluctuations strongly s
press the trapping of the vortex line by twin boundari
This occurs whenkBT exceeds the pinning energyEpinsud
of the trapped vortex segment [see Fig. 3(c)].

Theenergy of the deformed vortex maybe expresse

E ­
Z

dz

"
´1

2

√
du
dz

!2

1
K
2

u2

#
2 Upltr , (1)

where ´1 ­ fF2
0ys4plcd2g lnsa0yjd is the linear tension

of the individual vortex, the termKu2y2 represents the
“cage potential” [29] coming from the interaction with o
her vorticesK ­ F0By4pl

2
ab, Up is the pinning potentia

on the twin boundary,ltr is the length of trapped seg
ment,Epin ­ 2Upltr , uszd is the deformation of the line
and thez axis is chosen along the magnetic field. T
deformed regions of the vortex consist of three segm
[26] [see Fig. 3(c)]: the trapped piece with deformati
uszd ­ z tansud at jzj , ltr cossudy2, and two “healing”
regions with deformation uszd ­ ltr sinsud exps2jz 2

ltr cossudy2jylheald at jzj . ltr cossudy2, where
lheal ­

p
´1yK is the “healing length.” Substituting

these deformations into (1) and minimizingE with respect
to ltr , we obtain

Epinsud ­ 2Epin0

√
1 2

u

ua0

!2 √
ua0

u
1

1
2

!
, (2)

with the mean-field accommodation angleua0 ø
q

2Upy´1

[26,27] and the typical pinning energyEpin0 ­
4
3

p
´1yKUp. The angleuasT d above which trapping by

twin boundaries is destroyed by thermal fluctuations can
estimated from the conditionEpinsssuasTdddd , kBT . If
Epin0 ø kBT , then the apparent accommodation an
uasT d is suppressed well belowua0, and uasT d ­
ua0Epin0ykBT . We can introduce a dimensionless const
ap in lieu of Up ­ ap´0, where´0 ­ F

2
0ys4plabd2. The

latter expression can then be conveniently rewritten as

uasT d ø
a

3y2
p ´0

p
F0yB

2TkB
. (3)

Using the experimentally obtained angleuasT d , 5±, we
can estimate the effective pinning strengthap from the
latter expression. TakingB ­ 6 T, T ­ 81.5 K, and
labsT d ­ 3000 Å, we obtainap , 0.023, in good agree-
ment with magneto-optical (ap , 0.017) [30] and decora-
tion (ap , 0.026) [31] experiments.

In summary, we report direct evidence for the onse
a nonzero shear modulus at the vortex freezing trans
in YBa2Cu3O72d, obtained from the dynamic behavio
of vortices in a unique channel flow geometry. We s
a new feature in the liquid state, a peak in the angu
dependence of the magnetoresistivity forH aligned with
s

s.

-
.

s

ts

e

t

f
n

r

the channel walls, which changes suddenly to a valley
Tm due to the appearance of a finite shear modulus in
solid. Below the freezing temperature, we demonstr
new effects on the anisotropy of the magnetoresistiv
caused by the premelting peak effect, and show t
these effects are consistent with an increase in tw
boundary pinning due to a soft shear modulus in t
vortex solid. Finally, we show how thermal depinnin
determines the accommodation angleua and deduce the
twin boundary pinning strength, finding good agreeme
with previous estimates based on vortex decoration
magnetro-optical measurements.
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